Abstract: Several case reports have been written regarding the relationship between the use of proton pump inhibitors (PPI) and hypomagnesemia. Some of these reported cases have electrocardiogram abnormalities where electrolytes deficiencies were the contributing factor for these events. This study investigates the correlation between different arrhythmias and the use of PPI and hypomagnesaemia incidence. Four-hundred and twenty-one patients admitted to the critical care unit with unstable angina, non-ST elevation myocardial infarction, and ST-elevation myocardial infarction were included in this study. One-hundred and eighty-four patients (43.8%) received PPI and 237 patients (51.16%) did not, magnesium levels were low (,1.8 mg/dL) in 95 patients (22.5%), and 167 patients (39.6%) developed arrhythmias. The P-values for the regression coefficient association for the use of PPI and the level of magnesium were P = 1.31e
Introduction
Proton pump inhibitors (PPIs) are widely used therapeutic agents with more than 119 million filled prescriptions in the USA in 2009. 1 They have been associated with a wide variety of side effects including renal failure, 2,3 respiratory infections, 4 Clostridium difficile colitis, 5 and hip fractures. 6 There have been several case reports and case series' of proton pump related hypomagnesemia with a wide array of symptoms, including cardiac arrhythmias and seizures. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Magnesium is the second most common intracellular cation and is involved in a wide range of cellular functions, including protein synthesis, enzymatic reactions, and the regulation of ion channels. Significantly low serum magnesium levels have been associated with bradycardia, hypotension, seizures, tetany, and death. 19, 21 Even mild hypomagnesemia has been correlated with cardiovascular and total mortality. 22 Despite a recent retrospective study demonstrating an association between hypomagnesaemia and PPI use in patients on diuretics, there is no large scale study on PPI use and the incidence of cardiac arrhythmias. To address this question, we examined the association between the use of PPI, serum magnesium levels, and the incidence of cardiac arrhythmia in a large group of patients admitted to the intensive care unit (ICU) with an acute coronary syndrome and subsequently started on a PPI. 
Methods
This study included patients admitted to a tertiary care hospital to the ICU or critical care unit (CCU) with a diagnosis of unstable angina, ST elevation myocardial infarction (STEMI), non-STEMI (NSTEMI), between 2007 and 2012 started on PPI during their hospital stay. This was a retrospective chart review study. Analysis involved checking occurrence of arrhythmias such as ventricular fibrillation, ventricular tachycardia, nonsustained ventricular tachycardia, atrial f ibrillation, and atrial tachycardia. Potassium and magnesium blood levels were checked. Electrocardiograms with associated arrhythmias were reviewed. Any ICU or CCU patients older than 18 years of age diagnosed on admission with unstable angina, NSTEMI, or STEMI, were included in this study. Pregnant women, cognitively impaired patients, patients less than 18 years of age, and patients diagnosed with chronic atrial fibrillation on admission were excluded.
Results
Four-hundred and twenty-one patients admitted to the CCU with unstable angina, NSTEMI, or STEMI were included in this study. One-hundred and eighty-four patients (43.8%) received PPI and 237 patients (51.16%) did not. The normal level of magnesium is 1.8-2.4 mg/dL and a normal potassium level is 3.5-5 mmol/L. Of our sample, 81.7% of patients were older than 55, 95.2% had hypertension, 37.5% had diabetes mellitus type II, 47% had chronic kidney disease (glomerular filtration rate , 60), 71.2% had NSTEMI, and 25% had STEMI. PPI were prescribed during the hospital admission as either part of the gastrointestinal prophylaxis protocol for patients admitted to CCU (171 patients) or because they had peptic ulcer disease (13 patients).
Low magnesium levels (,1.8 mg/dL) were present in 95 patients (22.5%) and 167 patients (39.6%) developed arrhythmias. The P-values for the tests of significance determined using regression coefficient association for the use of PPI and the level of magnesium were P = 1.31e -29 and P = 8e , respectively, indicating that there is a statistically significant association between PPI use, the level of magnesium, and the occurrence of cardiovascular events, with a strong correlation factor of 0.817.
Discussion
In this large, hospital-based cross-sectional study, PPI exposure during hospitalization was correlated with lower serum magnesium concentrations and cardiac arrhythmias.
Although the risk of hypomagnesemia and the incidence of cardiac arrhythmias has been suggested by smaller observational studies and case reports, this study is the first to our knowledge to provide an analysis between PPI use and magnesium concentrations and correlation with cardiac arrhythmias in a large sample, and supports the notion that PPI use may lead to hypomagnesemia and arrhythmias in susceptible individuals.
The pathophysiology of PPI-induced hypomagnesemia is still not certain. Magnesium homeostasis depends on the balance between renal excretion and intestinal absorption. Intestinal absorption occurs through two major pathways: active and passive. Active transcellular transport across the apical lumen occurs via the channel transient receptor potential melastatin 6. 24 Tight junction proteins claudin-16 and claudin-19 modulate passive movement down a concentration gradient which occurs paracellularly and is thought to be the major route of magnesium absorption. 25 Tubular reclamation in the proximal tubule and thick ascending limb via paracellular absorption accounts for most renal excretion, 26 with some active absorption in the distal convoluted tubule. 27 New scientific data suggest that PPIs can cause hypomagnesaemia by inhibiting intestinal absorption and not by increasing renal wasting. 23 In a case series of hypomagnesemic patients on PPI therapy, 10 urine magnesium levels were appropriately low. Intravenous magnesium rapidly corrected serum concentrations, but oral magnesium did not, 7,9 except in one case. 11 Cell culture data suggests that PPIs disrupt passive magnesium absorption across intestinal epithelial cells.
28 Table 1 The total number of patients (421) Notes: The second row shows the number of patients who developed low magnesium levels for both groups. The third row shows the number of patients who developed (or not) cardiac arrhythmias. The numbers in brackets indicate the number of patients in that category. Abbreviations: CV, cardiac arrhythmias; PPI, proton pump inhibitor.
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By irreversibly blocking the hydrogen/potassium adenosine triphosphatase enzyme, PPIs inhibit the secretion of the acidic hydrogen + ions into the gastric lumen. Studies on both animals and human showed expression of the hydrogen + /potassium + ATPase enzyme in their myocardium, and ribonucleic acid (RNA) was isolated from heart muscle strips of patients with end stage heart disease undergoing heart transplantation. 29, 30 Subsequent studies on the electrophysiological effects of PPI on the myocardial cells were conducted, and showed a dose dependent reduction in isometric and isotonic shortening of myocytes cells as a consequence of the impairment of calcium uptake by the sarcoplasmic reticulum, leading to intracellular increased calcium concentration. 30 Since calcium concentration is an important factor in myocytes automaticity 31 and since focal arrhythmias are usually secondary to increased automaticity, a case control study was conducted on 80 patients undergoing an electrophysiological study and found that there was a 4-fold increase in focal arrhythmias in the group of the 40 patients on PPI when compared to the control group not on PPI. 32 There are several important limitations of our analysis. Given the observational nature of the study, causality cannot be established between PPI exposure and serum magnesium concentration and cardiac arrhythmias. In addition, as our sample is comprised of critically ill patients, generalization to the outpatient population is uncertain. Diuretic use has been proven to be associated with PPI-induced hypomagnesemia. Our research did not collect data on diuretic use and stratification by diuretic use may have demonstrated a greater effect. Therefore, well-controlled prospective studies are needed to clarify all the clinical issues related to the use of this widely prescribed class of medication.
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